Information gain in communication is bounded by the information encoded in the physical systems exchanged between sender and receiver. Surprisingly, this does not hold for quantum entanglement, which can increase even though the communicated system carries no entanglement at all. Here we demonstrate this phenomenon in a four-photon experiment where two parties sharing initially separable (unentangled) state get entangled by exchanging a photon that is at all times not entangled with either of them. Our result validates a long-standing assert in quantum information and has important practical implications in quantum networking, where entanglement must be reliably distributed across many nodes at low resource-cost.
INTRODUCTION
Communication is the exchange of physical systems aimed at establishing correlations between the communicating parties. In most circumstances we are interested in the total amount of correlations, i.e. the mutual information, between the sender and receiver [1] . Information theory can thus be used to make statements governing any communication process [2, 3] . One of the most fundamental of them claims that the gain of information achieved by communicating parties cannot exceed the amount of information that is actually transmitted [4, 5] . Beside agreeing fully with everyday experience, this adheres well with the expectation that in a communication protocol no form of correlation can be established without transmitting that kind of correlation.
Remarkably, quantum physics defies our intuition in this case too. As shown for the first time by Cubitt et al. [6] , quantum entanglement [7] , which is a purely nonclassical type of correlation enabling tasks such as quantum teleportation [8] , secure cryptography [9] , improved communication complexity [10] , and quantum dense coding [11] , can be established between distant parties by exchanging a carrier system that, at all times, is not entangled with them.
This result is particularly relevant for designing efficient methods to distribute entanglement across networks of non-interacting quantum systems [12] . Two protocols have been identified to achieve this goal: the transfer of pre-available entanglement to chosen nodes of the network [13, 14] , and the quantum communication scenario discussed above based on the exchange of a carrier quantum system. In the latter case, all the quantum algorithms relying on entanglement can actually be implemented without communicating any entanglement.
In such a scenario, the gain in entanglement between communicating sites is bounded from above [5, 15] by the amount of communicated nonclassical correlations as measured by quantum discord [16, 17] . Discord can be present also in separable states giving rise to the possibility of entanglement distribution via separable states.
Here we demonstrate this concept experimentally by implementing the protocol proposed in Ref. [18] on a FIG. 1: (Quantum) communication scenario. Alice locally interacts her system A with the carrier system C, which is then sent to Bob's site. If all the particles are quantum, it is possible to establish entanglement between their respective laboratories even though there was no initial entanglement between them and no entanglement is communicated. This is accomplished as follows: In step (1), the fully separable initial state of the three systems is prepared. In step (2) Alice applies a suitable operation on A and C, which keeps the latter separable from the rest of the systems but creates entanglement between A and joint system made out of B and C together. In step (3), the unentangled carrier C is transmitted to Bob. As shown in panel (4) , this establishes entanglement between the laboratories of Alice and Bob. quantum optical platform based on the use of singlephoton polarisation qubits. Using the polarisation degree of freedom of a three-photon quantum register, we show that an initially separable, yet discorded, state of two photons can be transformed into an entangled one using only local operations that never generate entanglement between themselves and the communicated carrier photon. Our experiment proves the tantalising possibility to establish quantum channels among the nodes of a quantum network without the need of previously available entangled resources.
THEORY
A typical communication scenario is depicted in Fig. 1 . Each of two distant parties, Alice and Bob, holds a quantum system, which we label A and B respectively. Under the transmission of a carrier quantum system C, encoding communication from Alice to Bob, the information gain between their respective laboratories satisfies the inequality [5] 
where I final is the information between Alice and Bob after Bob has received system C, I initial is the information shared before the communication protocol, and I comm is the actual information carried by C. By introducing the quantum mutual information I X:Y between two general systems X and Y we can identify I final = I A:CB , I initial = I AC:B , and I comm = I AB:C . As expected, the gain I final − I initial cannot exceed the information carried by system C, which is the communicated information. A similar relation for quantum entanglement E cannot be stated: the entanglement gain is not bounded by the communicated entanglement but rather by the communicated quantum discord, a more general type of quantum correlations [5, 15] . In particular, we can write
where, using a notation similar to the one introduced before and indicating with E X:Y the relative entropy of entanglement between systems X and Y [19] , E initial = E AC:B and E final = E A:CB refer to situations before and after the communication process, respectively. With these choices, in Eq. (2) the communicated discord D comm =D AB|C is quantified by the relative entropy of discord [20] , which is also known as the one-way quantum deficit [21] . The fact that discord quantifies a more general type of correlation opens up the possibility to create entanglement between remote parties via separable states alone. Indeed, the bound in Eq. (2) is achieved in the protocol presented in Ref. [6] , albeit in general the communicated discord does not provide a tight bound on the entanglement that is correspondingly gained [5, 18] . To the best of our knowledges such a general tight bound is currently unknown.
In the protocol realised here, the two-level particles A and B are prepared in a separable state α AB that is a mixture of the four Bell states |ψ ± = 1 √ 2 (|01 ± |10 ) AB (each occurring with probability p ψ± ) and |φ ± 1 √ 2 (|00 ± |11 ) AB (with probability of occurrence p φ± ). Such a state is separable if and only if the highest probability in the mixture does not exceed 50% [22] . The two-level carrier system C is initially with Alice and is uncorrelated from the other systems, so that the overall initial state is taken as α = α AB ⊗ α C . Here α C = 1 2 (1 1 + c x σ x ) with 1 1 the identity matrix, σ x the Pauli x matrix, and
Alice now generates the state β = P AC α P † AC by applying a controlled-phase gate P AC on her systems. The carrier qubit should remain separable from the other systems, i.e. we require E AB:C (β) = 0, while system A should become entangled with the subsystem composed of B and C (that is, we should have E A:CB (β) > 0). Finally, system C is transmitted to Bob and in this way the laboratories of Alice and Bob share entanglement.
The description so far leaves room for the choice of the initial state, which should be taken as one that guarantees a sizeable degree of entanglement in the A|CB bipartition, keeping C separable, after the protocol. A possible instance is given by the AB separable state
which is a mixture of two-qubit states formed by the eigenstates |k j of Pauli operators σ k , with eigenvalue (−1) j . As a measure of entanglement we use the negativity N [23] , which is defined as the most negative eigenvalue of the matrix obtained from β under partial transposition of system A [24] . Within the class of initial states α on which one applies controlled-phase gate, the state built using Eq. (3) and c x = − 1 2 gives N A|BC = −1/16 = −0.0625, which is the highest amount of distributed entanglement via separable states. We choose to focus on the negativity because its presence in state β guarantees that (i) the entanglement established between the sending and receiving laboratories can be localised into entanglement between systems A and B only using local operations performed at Bob's site [5] , and (ii) such localised entanglement is distillable [25] . Therefore, by repeating this protocol a sufficient number of times and performing entanglement distillation, one can in principle obtain maximally entangled pairs between Alice and Bob, although no entanglement has been shared between them. One photon serves as a trigger, while the other three are initialised with polarising beamsplitters (PBS), halfwave (HWP) and quarter-wave plates (QWP). The photons representing systems A and C are subjected to a probabilistic controlled-phase gate based on two-photon interference at a partially polarising beamsplitter (PPBS) [26] . Projective measurements are made with a combination of HWP, QWP and PBS, and detected by single-photon avalanche photodiodes (APD) connected to a coincidence logic.
EXPERIMENT
The circuit diagram in Fig. 2a shows the conceptual implementation of the described protocol, while the experimental setup is shown in Fig. 2b . Using four single photons (one as a trigger, the other three as the qubits A, B, and C), we prepare the discorded state α AB and the mixed state α C by summing up individual pure-state terms, with measurement acquisition times corresponding to the weights in Eq. (3) (similar technique has been used e.g. in Ref. [27] ). This approach guarantees that the initial state is separable. Systems A and C are subjected to a photonic controlled-phase gate [26] prior to performing a full three-qubit quantum state tomography on the output state β ABC [28] . The total integration time was 387 hours, during which we counted ∼30, 000 four-fold coincidence events. The experimentally obtained density matrix, whose fidelity with the ideal state is F exp =0.98, is shown in Fig. 3 . To estimate the uncertainty, we generate 10
4 samples with Poisson-distributed random noise added to the raw data. The corresponding reconstructed density matrices are used to evaluate an average fidelity of F est =0.967±0.007, which is extremely close to the experimental value.
The next step is to use the density matrix to calcu- late the entanglement in the relevant bipartitions: for the bipartitions B|AC and C|AB, which are separable according to the theoretical protocol, the smallest eigenvalues of the partially transposed density matrices should be exactly zero. In practice, due to experimental imperfections and the statistics of limited photon count rates, it is likely that such eigenvalues for the experimentally reconstructed states could have a (small) negative nominal value, which would make such instances compatible with entangled bipartitions. To conclusively prove that the bipartitions B|AC and C|AB are separable, we add increasing amounts of white noise to the initial state, which thus becomesα
. White noise contributes no correlations, so this raises the value of the smallest eigenvalues of partially transposed density matrices, as shown in Fig. 4a . A similar method was previously studied to assess the generation of boundentangled states [27] .
For no added noise, the smallest eigenvalues of the partially transposed experimental states suggest that the protocol is successful: N A|BC is clearly negative and both N B|AC and N C|AB are non-negative. However, as shown by the shaded bars in Fig. 4a , out of the 10 4 states simulated for the error estimation only 17.4% have the required features at the relevant bipartitions. Fig. 4b shows that the proportion of such states rises rapidly with the addition of only a small amount of white noise: 96.5% of the sampled matrices fulfil the requirements for a successful protocol already at p=0.1667. Note that this is a conservative estimate: as the histograms in Fig. 4c consistently lie in the upper part of the estimated error range. This skew can be understood by considering the fidelity of the experimental state at p=0.1667 with the ideal state, β ABC . As the nominal value of the fidelity is very close to unity (F=0.98), simulating a Poisson distribution with limited count statistics is likely to lead to lower fidelities, pushing the estimates to below the mea- Fig. 4a are not artefacts of imperfect state preparation or gate operation. Moreover, in order to exclude the possibility of entanglement distribution via bound entangled states [29] , in Appendix 2 we also provide the explicit decomposition of the experimental states in terms of convex sums of separable states of the C|AB bipartition.
CONCLUSIONS
We have experimentally demonstrated that distillable entanglement can be established between parties who exchange only unentangled systems. The success of our protocol is confirmed by the thorough data analysis performed in our study, which proves unambiguously the entangled nature of the A|BC bipartition and the separability of the other two. Needless to say, an equally interesting albeit weaker statement on entanglement distribution via bound-entangled states would be possible by having C|AB a bipartition with positive partial transposition yet not separable.
Our experiment demonstrates that entanglementbased quantum information protocols can be executed without communication of entanglement and might pave the way to bypassing the detrimental effects of noisy mechanisms affecting a quantum channel. In fact, the transmission of separable states would result in more robust protocols than those based on communicated quantum entanglement. . . 
where the density matrix is written in the standard basis and the dots represent zeros. This state is entangled across the cut A|BC as revealed by the partial transposition criterion: the smallest eigenvalue of the corresponding partially transposed density matrix equals − 1 16 = −0.0625. The state is also separable across the C|AB cut, as shown by the following explicit decomposition into product states for this bipartition where
{|ψ ± , |φ ± } represents the standard Bell basis and
Appendix 2: Separability of the experimental data
In the experiment, additionally to producing states close to the ideal state β ABC , we also prepared the set of states with increasing amount of admixed white noise. All of such states are entangled in the cut A|BC, as demonstrated in the main text by the existence of a negative eigenvalue in the spectrum of the matrix obtained after partial transposition of A. Figure 4a of the main text also shows that the other two cuts are associated with states having positive eigenvalues after partial transpositions. As this criterion is not a necessary and sufficient one for three-qubit states, this does not exclude the possibility of having bound entanglement in the one of the cuts that is positive under partial transposition.
Therefore, in order to exclude the possibility of performing entanglement distribution via bound entangled states, we explicitly show separability across the bipartition C|AB by constructing a separable decomposition of the corresponding states, in analogy with Eq. (9) . To this end, we use the following algorithm:
1. We generate a set of random product states for the chosen cut and use them to complement the set of product state vectors that enter the decomposition given in Eq. (9).
2. We write a separable state as
where j is a label for the chosen separable states |π j discussed at step 1), and p j are the associated probabilities of occurrence ( j p j = 1).
3. We equate this expression with the experimental state and numerically solve for p j 's.
Only about 3000 product states are sufficient to find explicitly the separable decompositions of all experimental density matrices reported in the main manuscript and thus wash out any possibility for bound entanglement. The protocol is thus faithfully based on the use of separable states.
Appendix 3: Statistical effects of limited photon counting
Our error analysis showed that our data points, Fig.  4 , lie slightly outside the most likely range obtained via the standard method for single-photon experiments: maximum-likelihood estimation of states with simulated Poissonian noise added to the obtained photon counts. In addition, we observe that the minimum eigenvalues for the unentangled bipartitions split, with B|AC having a more negative bias than C|AB.
In Fig. 5 , we present results of a similar analysis starting with ideal states and an ideal gate operation. These numerical simulations show the same effects, highlighting that they are not an artefact of non-ideal state preparation or gate imperfections, but solely due to statistics based on limited photon counts. We observe a similar offset from theoretical states simulated with infinite counts, as in the experimental data (see Fig.4 in main text), including the splitting of the eigenvalues for the unentangled cuts. Each data point is calculated from 1000 simulated density matrices at 50 separate noise values.
